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We examined movements and habitat use by female Rocky Mountain elk (Cervus elaphus)
and mule deer (Odocoileus hemionus) using a large telemetry data set collected over 6
years at the Starkey Experimental Forest and Range in northeastern Oregon. The analysis
contrasted hourly movements of elk and deer within the mosaic of vegetation and landforms
at Starkey with daily and seasonal demands for forage, security, and other resources. Te-
lemetry data from 15 April to 14 November, 1991–1996, were stratified into 30-day inter-
vals and tested for daily cycles relative to habitat use and movements. Both elk and deer
exhibited strong daily and seasonal patterns of movements and habitat use. Daily cycles
were most pronounced during spring and autumn, were composed of crepuscular and in-
traday habitat transitions, and were more pronounced for elk than for deer. Although cre-
puscular transitions were accompanied by sharp increases in velocity, intraday changes in
habitat were not. The results add considerable detail to previous studies that sampled only
limited hours of the day and seasons of the year. The findings have significance for mod-
eling efforts that attempt to replicate animal behavior on diverse landscapes.

Key words: animal velocity, Cervus elaphus, daily movements, mule deer, Odocoileus hemionus,
Rocky Mountain elk, seasonal movements, telemetry

The analysis and description of animal
habitat use and movements is a function of
spatial and temporal scale, making it a chal-
lenge to quantify animal behavior in a way
that permits building and applying habitat-
relationship models (Johnson 1980; Morris
1992). Understanding behavior of ungulates
at multiple scales is fundamental to testing
hypotheses regarding forage competition,
effects of herbivory, and predator–prey in-
teractions (Gross et al. 1995). Previous
studies have described large-scale patterns
of habitat use by elk (Cervus elaphus) and
mule deer (Odocoileus hemionus—Craig-
head et al. 1973; Johnson et al. 2000;

* Correspondent: aager@fs.fed.us

Mackie 1970). More detailed studies have
examined bite-level foraging dynamics at
the patch or sward scale (Focardi et al.
1996; Gross et al. 1995) and diel activity
cycles (Beier and McCullough 1990; Col-
lins and Urness 1983; Collins et al. 1978;
Green and Bear 1990). However, integrated
studies of movements by individuals and
broad-scale use of habitats by populations
are rare. We know of no detailed studies of
the complex diel and seasonal cycles of be-
havior by elk and mule deer (Collins et al.
1978; Green and Bear 1990) in the context
of landscape-scale patterns of habitat selec-
tion (Johnson et al. 2000) and movements
(Brillinger et al. 2001, 2002, in press). Ex-
amining ungulate behavior across multiple
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TABLE 1.—Summary of radiocollared mule deer and elk monitored at the Starkey Experimental
Forest and Range, northeast Oregon, 1991–1996.

1991 1992 1993 1994 1995 1996

Starting date
Ending date
Total number of daysa

Number of elk
Elk locations
Number of mule deer
Deer locations

1 June
14 Nov.

150
32

18,759
8

5,148

1 Aug.
14 Nov.

102
22

24,908
10

7,883

7 May
14 Nov.

142
33

71,386
13

18,887

15 Apr.
14 Nov.

187
53

61,299
33

41,028

15 Apr.
31 Oct.

172
38

38,649
30

29,961

2 May
31 Oct.

163
59

72,863
18

14,614

a Total number of days per year is less than the interval between the starting and ending dates due to intermittent periods of
maintenance work on the telemetry system.

scales leads to an understanding of how
these large, highly mobile species navigate
through heterogeneous landscapes in space
and time in response to forage phenology,
photoperiod, physiological needs, thermal
comfort, and disturbance (Coe et al. 2001;
Irwin and Peek 1983; Johnson et al. 2000).

We analyzed the daily and seasonal dy-
namics of movements and habitat use by
adult female mule deer and elk using data
from .400,000 locations collected over 6
years from the United States Forest Service
Starkey Experimental Forest and Range
(Starkey) in northeastern Oregon (Rowland
et al. 1997). We fit periodic functions to
hourly use of habitat variables to quantify
daily and seasonal patterns of movement
and habitat use of the 2 species. Specifical-
ly, we were interested in identifying the
spatial and temporal scale at which patterns
of habitat use for elk and deer are mani-
fested in diel movements. The findings are
significant in building mechanistic foraging
models to study interspecific competition
for forage (Coe et al. 2001; Johnson et al.
1996) and the effects of large herbivores on
forest and range ecosystems (Hobbs 1996;
Jorritmsa et al. 1999; Kay and Bartos 2000;
Kienast et al. 1999; Pastor and Naiman
1992; Putman 1996; Riggs et al. 2000). Our
results also demonstrate how our habitat
quality for these species is highly depen-
dent on spatial and temporal scales, a result
that has broad implications for other studies
using telemetry.

MATERIALS AND METHODS

Starkey covers 101 km2 of the Wallowa Whit-
man National Forest (458159N, 1188379W), 35
km SW of La Grande, Oregon. Our study area
was enclosed with a 2.4-m-high woven-wire
fence (Bryant et al. 1993) and has been used for
studies on Rocky Mountain elk, mule deer, and
cattle since 1989 (Rowland et al. 1997). Starkey
contained habitat for elk and mule deer typical
of summer range conditions in the Blue Moun-
tains. A network of drainages in the project area
created a complex and varied topography. Veg-
etation at Starkey was a mosaic of coniferous
forests, shrublands, wet meadows, and grass-
lands. Traffic levels, recreational activities (in-
cluding hunting), cattle grazing, and timber
management were representative of adjacent
public lands. About 500 cow–calf pairs of do-
mestic cattle grazed Starkey on a deferred rota-
tion system through 4 pastures within the study
area between 15 June and 15 October (Coe et
al. 2001). Details of the study area and facilities
are available elsewhere (Noyes et al. 1996;
Rowland et al. 1997; Wisdom et al. 1993).

Animal locations and habitat data.—Animal
locations were determined by an automated te-
lemetry system using retransmitted LORAN-C
radionavigation signals (Dana et al. 1989; Fin-
dholt et al. 1996; Johnson et al. 2000; Rowland
et al. 1997). We radiocollared adult female elk
and mule deer and monitored their distributions
between April and November for the years
1991–1996 (Table 1). All animals were handled
in accordance with protocols approved by an es-
tablished Institutional Animal Care and Use
Committee (Wisdom et al. 1993). Starting and
ending dates and total days of monitoring varied
each year due to weather and logistics of the
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TABLE 2.—Habitat variables analyzed for daily and seasonal patterns of habitat use by elk and
mule deer in the Main Area, Starkey Experimental Forest and Range, northeast Oregon.a

Variable (unit) Source
Mini-
mum

Maxi-
mum X̄

Canopy closure of trees .12 cm diameter
at breast height (%)

Distance to hiding cover (m)
Distance to open road (m)
Cosine aspect (radians)
Sine aspect (radians)
Distance to stream (m)
Convexity (m)
Slope (%)
Herbage (kg/ha)
Distance to closed road (m)

1:12,000 Color aerial photos, 1996
GIS
GIS
USGS 30-m DEM
USGS 30-m DEM
GIS
USGS DEM
USGS DEM
Johnson et al. (2000)
GIS

0
0
0

21
21

0
488

0
0
0

95
1,018
2,419

1
1

525
506

84
2,464
2,916

29
102
638

0.07
0.07

274
500

18
371
452

a GIS, geographic information system; USGS, United States Geological Service; DEM, digital elevation model.

telemetry system (Table 1). We used a total of
144 elk and 58 deer (Table 1) from the main
study area (77.6 km2), where about 430 adult elk
and 270 adult mule deer were present during the
monitoring period (Noyes et al. 1996; Rowland
et al. 1997). Each elk was monitored on average
for 1.6 years over the 6-year period, and each
deer was monitored for about 1.9 years. Loca-
tions were assigned to Universal Transverse
Mercator coordinates of associated 30 by 30-m
pixels containing habitat information stored in a
geographic information system. Locations had a
mean error of 53 m 6 5.9 SE (Findholt et al.
1996) and were corrected with a spatially ex-
plicit algorithm for differences in the rate at
which telemetry locations were successfully ob-
tained (Johnson et al. 1998).

The main study area at Starkey was 3–4 times
larger than typical summer home ranges of elk
in the Blue Mountains (20–29 km2—Leckenby
1984), providing study animals with large-scale
habitat choices commensurate with free-ranging
herds. Densities of adult elk (5.6–6.8 elk/km2)
and deer (2.8–3.6 deer/km2) in the study area
were similar to those on adjacent public lands
(Johnson et al. 2000).

Animal locations obtained during elk rifle-
hunting seasons were excluded from analysis af-
ter it was found that daily patterns of habitat use
and velocities were significantly different during
these periods compared with the 2-week period
preceding each hunt (A. A. Ager, in litt.). A total
of 36,502 observations on elk and 21,449 on
deer were deleted during 136 days of elk hunt-
ing. Data were not removed for 53 days of deer

rifle hunts, during which average hunter density
was less than 0.04 hunters/km2. Analyses of
these data showed little or no apparent change
in animal velocities and habitat use compared
with a period of 2 weeks before the hunt.

Habitat data included 10 variables (Table 2)
that were selected based on their significance in
resource-selection models developed with Star-
key data (Coe et al. 2001; Johnson et al. 2000;
Rowland et al. 1998, 2000). Aspect data were
transformed with sine and cosine functions to
measure east–west (sine) and north–south (co-
sine) aspects (Johnson et al. 2000). Convexity
was calculated as the difference in elevation of
the home pixel from the mean of the 3-by-3 pixel
neighborhood plus a constant of 500 (K. Kvam-
me, in litt.) and used to describe terrain in terms
of ridge and valley morphology. Values .500 in-
dicated convex (ridge) and ,500 indicated con-
cave (valley) landforms. Distance to hiding cover
was defined as the distance to the nearest stand
with .40% canopy closure (Johnson et al. 2000).
Forage production data (hereafter herbage) were
obtained from Johnson et al. (2000). We included
both the distances to open and closed roads in the
project area to highlight the effect of traffic.
Roads were not stratified into different levels of
traffic as in Johnson et al. (2000) because of nu-
merous study constraints. Roads classified as
closed were open to administrative traffic and on
average received ,1 vehicle/month.

Statistical analysis.—Locations for each ani-
mal were assigned to twenty-four 1-h periods and
seven 1-month intervals between 15 April and 14
November. For each hour–month interval, the
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mean sample size was 1,659 locations/h (range,
664–3,144) for elk and 678 locations/h (range,
283–1,168) for mule deer for the 6-year period.
The number of animals in each hour–month in-
terval ranged from 51–207 for elk and 31–102
for deer. The 7 intervals were not equally repre-
sented among years due to a number of factors,
including different starting and ending dates each
year, performance of the telemetry system, and
number of radiocollars monitored (Table 1). We
treated animals as sampling units to avoid pseu-
doreplication (Otis and White 1999). Thus, lo-
cations from individual animals monitored in
multiple years were pooled across years.

For each animal, we calculated velocity (m/
min) between successive locations by dividing
horizontal distance moved by elapsed time.
Slope of movement was calculated as the dif-
ference in elevation between successive loca-
tions divided by horizontal distance moved, ex-
pressed as a percentage. We assigned the veloc-
ity and slope of movement to the hour nearest
the midpoint of the time interval during which
the movement occurred. Before velocity analy-
sis, observations were deleted if elapsed time
between successive locations was ,5 min or
.240 min between successive locations. Shorter
elapsed times (,5 min) yielded velocities that
were positively biased because of the random
location error in the telemetry system. Velocities
determined at longer elapsed times were nega-
tively biased as a result of undetected move-
ments between observations. Sample sizes for
velocity variables were reduced approximately
15% (20,733 deer and 41,781 elk locations). The
mean elapsed time between observations used
for velocity calculations was 103 min for deer
and 92 min for elk.

For each monthly interval, we examined hab-
itat and movement variables for daily patterns by
fitting sine and cosine functions at 6-, 8-, 12-, and
24-h cycles (Diggle 1990). The regression coef-
ficients calculated for each variable were accu-
mulated and averaged across animals to obtain
estimates of between-animal variance in regres-
sion coefficients within an interval. The general
form of the model was

Y 5 B 1 B cosine(wt) 1 B sine(wt)est 0 1 2

1 B cosine(2wt) 1 B sine(2wt)3 4

1 B cosine(3wt) 1 B sine(3wt)5 6

1 B cosine(4wt) 1 B sine(4wt),7 8

where Yest 5 estimated value of the variable, w
5 (2p)/24 with p expressed in radians, and t 5
time in hours. Significance in any of the coef-
ficients B1–B8 indicated cyclical trends in the
data. All models were fitted with PROC GEN-
MOD software (SAS Institute Inc. 1994). Over-
all coefficients were calculated as the average of
coefficients for individual animals. Test statistics
were computed as the average coefficient divid-
ed by SE and compared with the standard nor-
mal Z to test for significance with d.f. equal to
the number of animals per period. We report re-
sults of regressions for periods 1, 3, 5, and 7
after finding that results for the other periods
were intermediate from the adjacent periods and
thus contained little additional information.

We tested for differences among monthly in-
tervals for each habitat and movement variable
at specific hours (0000, 0400, 0800, 1200, and
2000 h) using a sequential Bonferroni multiple
comparisons test (Rice 1989), with an overall
error rate of 0.05 for each comparison. We also
calculated an average, within-interval SD pooled
across the 7 monthly intervals. These SD values
were used to plot 95% confidence intervals
about the grand means.

RESULTS

Daily patterns for elk.—Regression mod-
els of elk daily cycles generally had low r2

values (range, 0.0–0.70; X̄ 5 0.23), even
though all habitat variables had $1 signif-
icant regression coefficient (Table 3). Elk
exhibited significant 24- or 12-h cycles for
nearly all habitat variables and intervals
(Table 3), and terms for many 8- and 6-h
cycles were also significant. Smaller r2 val-
ues were obtained for midsummer intervals
(3–5) compared with those obtained earlier
and later (Table 3), suggesting weaker diel
cycles compared with the other seasons. Elk
exhibited pronounced 24-h cycles with cre-
puscular transitions for canopy cover, dis-
tance to hiding cover, cosine of aspect
(Figs. 1A–C), herbage, and distance to open
roads (Figs. 2A and 2B). Multiple compar-
isons showed higher use of forest canopy,
greater distance to hiding cover, herbage,
and greater distance to open roads (P ,
0.05, d.f. 5 354) during daytime than at
night for all 7 monthly intervals. Daytime
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FIG. 1.—Means of habitat variables canopy
cover, distance to cover, and cosine aspect by
hour–month intervals for elk (left column) and
deer (right column). Values plotted are means
across animals. For clarity, only 4 of the seven
1-month time intervals are shown (intervals 1,
3, 5, and 7). Shaded area is the grand mean
bounded above and below by 2 pooled, within-
interval SD values. Pooled within-interval SD
values represent the average SD within all 7
monthly intervals studied. Average available
habitat values are in Table 2.

use of more northerly aspects (cosine of as-
pect) was higher for all monthly intervals
except 15 June to 14 July (P , 0.05, d.f. 5
354). In contrast to distance to open roads,
distance to closed roads was highly variable
and exhibited only weak cycles in some in-
tervals (Fig. 2C). Timing of habitat transi-
tions occurred between 0300–0700 h and
1700–2100 h, depending on times of sun-
rise and sunset associated with the monthly
interval, and were associated with sharp in-
creases in velocity and slope of movement
(Figs. 3A and 3B).

In contrast to variables with symmetrical,
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FIG. 2.—Means of habitat variables herbage
production, distance to open road, and distance
to closed road by hour–month intervals for elk
(left column) and deer (right column). See Fig.
1 for additional explanation.

FIG. 3.—Means of habitat and movement var-
iables velocity, slope of movement, and per-
centage slope by hour–month intervals for elk
(left column) and deer (right column). See Fig.
1 for additional explanation.

24-h cycles (Figs. 1A–C, 2A, and 2B),
slope, sine of aspect, convexity, and dis-
tance to stream (Figs. 3C and 4A–C)
showed asymmetrical and irregular cycles
that exhibited daytime and, in some cases,
crepuscular transitions as well. Daytime
transitions of these variables were made at
relatively low velocity (Fig. 3A), in contrast
to high velocities that accompanied major
crepuscular changes found in canopy, dis-
tance to roads, and cosine of aspect. Daily
pattern in sine of aspect (Fig. 4A) showed
a steady trend toward more easterly aspects
throughout the day, with a rapid transition
at dusk back to westerly aspects. From the
variables slope of movement, sine of as-
pect, convexity, slope, and distance to
streams, it was possible to discern a morn-
ing versus afternoon pattern of habitat use.
During morning hours, movements were
uphill (Fig. 3B), toward more convex to-

pography (Fig. 4B), and at increasing dis-
tance to streams (Fig. 4C). During after-
noon hours, movements were directed to-
ward steeper slopes (Fig. 3C) in valley
landforms (Fig. 4B) as elk moved toward
streams (Fig. 4C). Shift in habitat during
daytime affected the dusk habitat transition
(1700–2000 h), where movements were
strongly upslope (Fig. 3B), out of drainag-
es, to areas that are characteristic of forag-
ing areas (lower canopy cover, greater dis-
tance to hiding cover, larger herbage, closer
to roads, and more southerly and westerly
aspects; Figs. 1A–C, 2A, 2B, and 4A).

Seasonal patterns for elk.—Amplitude
and daily pattern of habitat use changed
dramatically among monthly intervals for
nearly all variables examined. Canopy, dis-
tance to hiding cover (Figs. 1A and 1B),
and distance to open roads (Figs. 2B)
changed across monthly intervals in both
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FIG. 4.—Means of habitat variables sine as-
pect, convexity, and distance to stream by hour–
month intervals for elk (left column) and deer
(right column). See Fig. 1 for additional expla-
nation.

daily habitat amplitudes and intercepts.
Overall use of canopy increased from the
early intervals (15 April to 14 June) to mid-
season (15 June to 14 August) and then de-
creased during daytime in the last monthly
interval, 15 September to 14 October (P ,
0.05, d.f. 5 354). Seasonal differences were
most evident for many other variables in the
contrast between late spring (15 April to 14
June) and early summer (15 June to 14 Au-
gust). For example, cosine aspect showed
strong daily amplitudes in spring and au-
tumn and remained constant throughout the
day and night in midsummer (Fig. 1C).
Across the 7 monthly intervals, amplitude
of the crepuscular velocity peaks (Fig. 3A)
was closely related to magnitude of daily
habitat transitions. Crepuscular peaks in elk
velocity were higher during monthly inter-
vals 1 and 7, when elk used southerly and
westerly aspects having low slopes, far

from water and roads, and low canopy.
Both the crepuscular velocity peaks and
crepuscular habitat transitions were damp-
ened for the remaining intervals, especially
interval 3 (15 June to 14 July).

Daily patterns for mule deer.—Regres-
sion models of individual deer daily cycles
had lower r2 values (X̄ 5 0.21; range, 0.0–
0.48) and fewer significant regression terms
compared with elk (Table 4). High variation
among animals and small changes in habitat
use and movements contributed to low r2

values. Distance to road, cosine of aspect,
canopy, and velocity showed significant 24-
or 12-h regression terms for most or all in-
tervals (Table 4). Few of the 6- and 8-h
regression terms were significant, except
for velocity and cosine of aspect (Table 4).

Patterns of hourly habitat use and move-
ments over the seven 1-month intervals
showed that, relative to elk, deer used hab-
itats on more southerly (Fig. 1F) and east-
erly aspects (Fig. 4D), with lower daytime
canopy cover (Fig. 1D), closer to open
roads (Fig. 2E), and with greater daytime
herbage (Fig. 2D). More striking was the
divergent pattern of daily habitat use be-
tween the 2 species, especially in the vari-
ables canopy cover, distance to hiding cov-
er, cosine aspect, and herbage (Figs. 1A–F,
2A, and 2D). For distance to open road, pat-
terns were similar between elk and mule
deer, although daily amplitude was about
one-third that observed for elk and varia-
tion was wider among the intervals (Figs.
2B and 2E). Convexity was the only other
variable that exhibited a consistent daily cy-
cle for deer (Fig. 4E). The weaker daily
habitat amplitudes observed for deer were
consistent with daily patterns in velocity
(Fig. 3D). Deer velocities showed dimin-
ished crepuscular peaks that were about
half (3.5 m/min) of those observed for elk
(7 m/min). Deer velocities were extremely
low during midday in summer and roughly
equal to the estimated velocity of the sta-
tionary collars at Starkey (0.66 m/min) that
exhibited a nonzero velocity resulting from
telemetry error.
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22 In contrast to changes in elk, we did not

detect consistent daytime changes in habitat
except that deer moved to areas of slightly
higher convexity between 0600 and 1200 h
(Fig. 4E). This weak trend was reversed be-
tween 1200 and 1700 h and proceeded at
the same rate as in the morning hours, cre-
ating a symmetrical cycle of daytime hab-
itat use. In addition, there was a weak trend
for slope of movement, which decreased
throughout the day and became negative at
around noon (Fig. 3E), indicating down-
slope movements.

Seasonal patterns for mule deer.—Deer
exhibited pronounced changes among
monthly intervals in overall habitat use for
a number of variables, including canopy
cover, cosine of aspect, and slope, despite
weak daily patterns (Figs. 1D, 1F, and 3F).
Two distinct daily patterns were evident, 1
for very early and late intervals and 1 for
the midseasons, although the trends were
weaker and with fewer significant differ-
ences. Daily cycles for canopy cover and
cosine of aspect (Figs. 1D and 1F) were
inverted between interval 1 and many of the
other 6 intervals, indicating major shifts in
daily cycles of habitat use in spring versus
summer and autumn.

DISCUSSION

Our description of seasonal and daily cy-
cles in female elk and mule deer comple-
ments previous studies of habitat use at
Starkey (Coe et al. 2001; Johnson et al.
2000; Rowland et al. 2000) and elsewhere
(Collins and Urness 1983; Collins et al.
1978; Green and Bear 1990; Irwin and Peek
1983; McCorquodale et al. 1986; Unsworth
et al. 1998). Patterns of elk activity have
been described as circadian cycles between
foraging and secure resting habitats with
crepuscular transitions (Collins et al. 1978;
Craighead et al. 1973; Green and Bear
1990; Irwin and Peek 1983; Leckenby
1984). Our analysis quantifies the spatial
component and temporal dynamics of these
circadian cycles over a 7-month time period
and shows movement patterns as well. Dai-
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ly cycles of movement of female elk ob-
served in this study generally agree with
activity patterns described previously (Col-
lins et al. 1978; Green and Bear 1990), al-
though direct comparisons are not possible.
We did not differentiate between move-
ments for feeding and those of sustained
traveling and could only infer that resting
occurred at periods of low velocity. Fur-
thermore, we treated our data as continuous
variables rather than categorical (resting,
feeding, and traveling) and present means
across multiple animals. Earlier work (Col-
lins et al. 1978; Green and Bear 1990; Kie
et al. 1991) used direct observations or tip
switches to categorize activities and report
more detailed observations for individual
animals.

In addition to crepuscular habitat transi-
tions between foraging and resting areas,
we detected daytime habitat shifts for both
elk and mule deer. Elk exhibited a steady
shift during daylight hours to more easterly
aspects and late in the day moved down-
slope toward streams. Mule deer moved to
areas on flatter slopes and to more southerly
aspects. Low-velocity, daytime habitat
shifts by elk were consistently observed
among all intervals examined, although
habitat variables like canopy and distance
to roads remained relatively constant. We
speculate that daytime habitat shifts are
used by elk at Starkey to thermoregulate
during midday on summer range (Collins
and Urness 1983; Green and Bear 1990;
Leckenby 1984; Lyon 1979; Millspaugh et
al. 1998; Ockenfels and Brooks 1994; Zahn
1985). Cook et al. (1998) report that the use
of cover by female elk to reduce heat loads
may enhance comfort but does not improve
animal performance as indicated by chang-
es in body mass. However, the combined
effects of topography and cover on animal
energetic balances in elk have not been ex-
amined.

Seasonal changes in daily cycles for fe-
male elk and deer observed in this study
and elsewhere (Collins and Urness 1983;
Collins et al. 1978; Wallace and Krausman

1997) are likely driven by the phenology of
primary forage species (Skovlin 1967). For
instance, high daily amplitudes for velocity
and habitat variables in spring (15 April to
14 May) and autumn (15 October to 14 No-
vember) reflect high search rates for specif-
ic meadows at Starkey that produce abun-
dant forage in early spring and in autumn
after the 1st substantial rains (Skovlin
1967). Meadows and grasslands provide the
most efficient foraging for elk (Collins and
Urness 1983; Wickstrom et al. 1984), es-
pecially in early spring, when overall forage
is limited on summer range. The use of
open meadows by deer at Starkey is largely
confined to spring and early summer and
creates daily patterns that are inverted as
compared with the other monthly intervals.
Use of these specific forage resources by
both elk and deer results in sharp crepus-
cular habitat transitions, especially in as-
pect, canopy, and distance to road, all me-
diated via relatively high crepuscular veloc-
ities.

During midsummer (15 July to 14 Au-
gust) elk showed markedly lower velocity
and dampened daily cycles with respect to
many habitat variables. Elk used forests
with more canopy on more easterly and
northerly aspects throughout the day and
night. This change in cycles of habitat use
is consistent with seasonal progression of
forage abundance and quality at Starkey,
where declining forage quality in the grass-
lands (Skovlin 1967) and high production
under forest stands make the latter more
preferred foraging areas later in summer
(Edgerton and Smith 1971; Holechek et al.
1982; Unsworth et al. 1998). Increased use
of forage resources under forest canopies
had the net effect of dampening the crepus-
cular velocity peaks and daily amplitudes
for many habitat variables as well. We spec-
ulate that the dramatic dampening of daily
cycles of habitat use and velocity during
midsummer (monthly interval 3) is also re-
lated to neonatal care of elk calves. At this
time, elk calves at Starkey are between 2
and 6 weeks old (R. M. Stussy, in litt.) and
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are just becoming mobile. Unsworth et al.
(1998) observed shifts in habitat use by fe-
male elk during calving and suggested that
these shifts were to minimize risk of calf
predation.

Deer exhibited dampened daily cycles of
movement and habitat transitions compared
with elk and generally used habitats with
higher forest canopy, with more easterly as-
pects, and closer to open roads. Collins and
Urness (1983) also observed lower veloci-
ties for deer compared with elk, and Beier
and McCullough (1990) observed low lev-
els of activity for white-tailed deer (Odo-
coileus virginianus) during midsummer,
when they used forested habitats with abun-
dant forage. Smaller home ranges (Kie et
al. 2002; Loft et al. 1993) and a foraging
behavior that is better adapted to using
shrub-dominated habitats or closed canopy
forests can help explain the observed dif-
ferences in habitat use between deer and
elk.

The weak patterns of daily and seasonal
habitat shifts we observed for deer also can
be attributed to the scale of our telemetry
and habitat data. Deer exhibit a higher fre-
quency of feeding and resting cycles than
elk (Hoffman 1985); thus, a higher frequen-
cy of sampling is required to detect alter-
nating cycles of foraging and resting. Sim-
ilarly, the spatial grain of cycles in habitat
use for deer may be finer than what we can
detect with the Starkey telemetry system.
Small movements into foraging patches, for
example, could be difficult to detect given
that a mean 50-m telemetry error at Starkey
could encompass an array of habitat types.

One apparent interspecific difference in
daily cycles is that deer did not exhibit a
daytime shift in aspects or move to more
concave landforms (valley bottoms). Pre-
vious studies show that deer seek shady ar-
eas to reduce heat load during daytime in
the summer (Beier and McCullough 1990;
Collins and Urness 1983; Parker and Rob-
bins 1984). Our data suggest that for mid-
summer periods midday canopy use was
lower than nocturnal use. Combined, this

suggests that deer may well be exploiting
areas of shade under the low-canopy for-
ests, a situation that cannot be detected at
the resolution of our vegetation and telem-
etry data. These midsummer patterns of
habitat use by deer may have resulted from
deer avoiding concentrations of elk (John-
son et al. 2000; Stewart et al. 2002).

Daily and seasonal dynamics of habitat
use on summer range can strongly bias our
perception of habitat quality for the 2 spe-
cies. Many factors influence seasonal and
daily patterns of habitat use as elk and deer
meet daily metabolic requirements. Clearly,
choice of a temporal scale for either sam-
pling or stratifying data can significantly al-
ter the observed patterns of habitat use. Our
results can provide insights to temporal
sampling strategies and optimal allocation
of telemetry resources for future studies on
elk and deer in western North America.

The dynamic nature of patterns of habitat
use in elk and deer is difficult to reconcile
with commonly used elk and deer habitat
models (Thomas et al. 1988). For instance,
the assumption that roads and associated
disturbances are primary agents driving elk
distributions across landscapes and seasons
(Leege 1984; Lyon 1983) might be an over-
simplification in the context of seasonal and
daily patterns, particularly where road clo-
sures are expected to moderate the influ-
ences of roads on patterns of animal use.

The complex spatial and temporal pat-
terns of habitat use by elk and deer com-
plicate the spatial modeling of ungulate be-
havior as individuals or populations. The
significance of the daily cycles and seasonal
changes in these cycles is rarely discussed
in modeling efforts (Gross et al. 1995;
Hobbs 1996; Jorritmsa et al. 1999; Kienast
1999; Pastor and Naiman 1992; Putman
1996; Riggs et al. 2000; Turner et al. 1993).
Modeling ungulates like deer that exhibit
high-frequency cycles of habitat use and
rapidly change their distributions in re-
sponse to other ungulates poses a signifi-
cant challenge. It was interesting to note
that velocity consistently showed high r2
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values and small confidence intervals com-
pared with habitat variables, meaning that
the timing and magnitude of movements
appear to be more consistent among ani-
mals than the choice of habitat type. In any
case, animal-to-animal variation will com-
plicate the validation of movement and hab-
itat models on large landscapes. Clearly, the
greatest challenge to modeling efforts will
be the choice of an appropriate spatial and
temporal scale that does not omit critical
features of the daily and seasonal habitat
use and movement cycles.
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